Abstract. ICSTI and ICSU Press, with support from UNESCO, co-sponsored a workshop on digital archiving that brought major stakeholders together to identify the key issues for each group in January 2000. The state of digital archiving art and practice at the time of that conference is compared to February 2002 based on several "maturity factors". These factors include: the existence and adoption of a framework, operational systems, guidelines and standards, supportive technologies, and policies. An analysis of these factors shows that digital preservation is maturing. The trend is toward practical implementations, operational systems, and the institutionalization of best practices and standards. The move is toward more cooperative efforts, particularly in the areas of international standards development. Many current projects include multiple stakeholder groups. Science has benefited and contributed to the maturing of this field. However, incorporation of these principles into the workflow of scientists and engineers remains critical to preserving the record of science.
Introduction
The International Council for Scientific and Technical Information (ICSTI), UNESCO, the International Council for Science (ICSU) Press, and the International Committee on Data (CODATA) have long histories of involvement with digital preservation. Formal collaborative involvement on the part of ICSU Press, ICSTI and UNESCO dates back to 1996 when ICSU and UNESCO co-sponsored a conference on Electronic Publishing [36] .
At that conference, the need for digital preservation became apparent. As the trend toward electronic publishing was becoming firmly entrenched in the minds and behaviours of authors, reviewers, publishers, librarians and readers, those with foresight began to voice concern about preserving digital information, particularly material that had been "born digital", i.e., created and distributed in digital form only.
It is not the author's intent to recite a litany of the projects and activities that have led from that conference to this, but it is interesting to turn back a mere two years to 2000. In January of that year, ICSTI and ICSU Press with support from UNESCO sponsored a conference on digital archiving [14] . In preparation for deliberations about the focus for the archiving of the record of science over the next few years, it is valuable to look at the progress that has been made.
Current developments in digital archiving: How far have we come?
When comparing the state of digital archiving art and practice in 2000 to 2002, it is useful to look for indicators of the maturity of the research area. "Maturity factors" include the existence, development, and status of (1) a reference framework, (2) operational systems, (3) best practices, guidelines, and standards, (4) supporting technologies, (5) business models, including the roles of the various stakeholder groups, and (6) supportive policies at national, regional and international levels.
A framework
The existence of an underlying framework, or reference model, for digital archiving has been a major factor in the advancement of digital archiving efforts. The Open Archival Information System Reference Model (OAIS RM) (Fig. 1) , originally developed for archiving data among the international space agencies, has become a cornerstone for digital preservation practices. The OAIS RM provides high level data, functional models and terminology that help stakeholder groups discuss digital preservation with a common frame of [6] . The OAIS RM has proven flexible enough to respond to communities as diverse as scientific data centres, archives, cultural heritage institutions, and national libraries.
The OAIS RM describes key participants in preservation: the producer/creator, the archive, management and the customer. It defines the major information packages and the functions to be performed by a compliant archive.
The OAIS RM, even prior to its recent adoption as ISO 1472:2002 (CSDS 650.0-B-1: Blue Book, Issue 1, January 2002), was used by all major preservation projects, including the Electronic Records Archives Project at the U.S. National Archives and Records Administration [23] , the Library of Congress, the Cedars Project [8] , InterPARES [19] and OCLC [26] . A recent symposium sponsored by CENDI, a group of senior scientific and technical information managers in the U.S. federal government, and the U.S. Federal Library and Information Center Committee focused on the use of the OAIS RM as a bridge among the library, records management and Chief Information Officer communities [3] .
In 2000 the Networked European Deposit Library (NEDLIB) Project, funded by the EU [24] espoused the OAIS RM and worked with the ISO Working Group on OAIS to modify the model to include the concept of long term preservation. In June 2000, ICSTI sent its comments to the ISO Standards process. Along with the development of the framework has come the principle of certification. An August 2001 draft for comment from The Research Libraries Group (RLG) on the attributes of a trusted archive emphasized the importance of certification [31] . A certification program would indicate compliance with digital archiving standards, such as the OAIS RM. Organizations that contract with certified archives would be assured of a particular level of information management and integration and portability with other OAIS-compliant archives. The draft report suggests an official certifying body to identify the attributes that would be measured, how assessments would be conducted and the procedures for revocation of an archive's certification. Of course, many questions remain to be answered, including the identity of the certifying body.
Operational projects
By 2000, preservation projects at several national libraries, including the National Library of Canada, the National Library of Australia and the National Library of Finland, were becoming institutionalized, moving into the mainstream of the library's workflow. These projects focused on the preservation of electronic journals or cultural heritage information from Web sites.
In addition to these, single-library projects, the NEDLIB and Cedars cooperative projects were well underway with the goal of federating responsibility for archiving among several institutions. Both Cedars and NEDLIB developed guidelines, tools and techniques that had wide applicability.
The Cedars demonstration system in January 2000 included three universities. Based on its successful demonstration of the feasibility of federated archives and distributed access, Cedars was extended beyond its original date to address the issue of "scaleability". Cedars now links the three original universities and a series of additional test sites in the UK. A user in one institution can search the digital archives of the others. The Cedars project ended in March 2002, and the final guidance documents and reports are available from the Cedars web site [7] .
NEDLIB included eight major European national libraries and three publishers, including scientific publishers. The NEDLIB Project was completed early in 2001, having developed and deployed several key pieces of software including "Setting Up Deposit Systems for Electronic Publications" (dSEPs), a system that integrates archiving with a library catalogue [11, 41] , and a metadata harvester. The next step is to implement a dSEP at the Dutch National Library.
In a less well-known effort, the U.S. Government Printing Office has archived two year's worth of government publications on its in-house system [1] . It is working with OCLC and the Federal Depository Libraries to guarantee a federated system for preservation of and long term access to U.S. government publications, the majority of which are now received by GPO from the sponsoring agencies in digital form.
In 2000 the Internet Archive had already taken snapshots of the public, surface Web. In October 2001, the Internet Archive enhanced access to the various snapshot collections through the WayBack Machine, search software that allows access by URL or by date range [18].
Guidelines, best practices and standards
In support of these pilot systems, guidelines and best practices were developed. These guidelines addressed areas from collection development and selection of resources to metadata capture. Prior to 2000, many of these guidelines and best practices were narrowly defined in the context of each organization's local needs. In 2000, the Arts and Humanities Data Service published its draft handbook on preservation, which was a major effort to provide consolidated guidance gleaned from a number of projects. The Cedars Project also made several draft guidance documents available providing guidance in areas such as collection development, intellectual property rights management, and cost models [34, 35, 42] .
Many of the guidance documents emphasize the importance of metadata, particularly with regard to long-term preservation and access. In 2000, many of the metadata element sets addressed only the requirements of a specific project or institution. While projects generally agreed about the use of the Dublin Core for resource discovery, they had developed their own ideas of what constitutes preservation metadata. Discussions of possible standardization in this area were just underway.
During the last two years, there has been significant movement toward the identification of best practices and standards. The Cedars Project will finalize the key guidance documents described above over the next few months. The U.S. National Archives and Records Administration (NARA) published guidelines for the preservation of electronic records on its web site [23] . At the U.S. National Agricultural Library, guidelines and a template for metadata capture for USDA digital publications are in the final approval stage. Preservation Management of Digital Materials: A Handbook was published in December 2001 by the British Library [20] .
Since 2000 the major work in this area has been sponsored by RLG and OCLC with representation from the other major projects. The Preservation Metadata Working Group issued a white paper in January 2001, which evaluated the state of the art in preservation metadata [29] . The preservation metadata schemes developed by NEDLIB, the National Library of Australia, Cedars and the Harvard Library project were mapped. The report concluded that sufficient commonalities exist among the schemes to achieve consensus on a core set of preservation metadata.
In October 2001, the Working Group published draft preservation metadata elements based on the common elements previously identified [27] . The next step is to achieve international consensus on this set, and to address issues of extensibility, syntax and semantics.
As a contribution to the preservation metadata environment, the National Library of Medicine (NLM) developed the Permanence Rating System to address a user's need to know whether a resource will remain available, unchanged and in the same location when needed in the future [2] . The system is based on three indicators -identifier validity, resource availability, and content invariance. The system allows content managers to convey this information concisely to humans or to a computer system accessing a resource. The Permanence Rating System from NLM is serving as a model for addressing retention issues. The initial system was condensed to allow for easier coding of the values. It was tested with a variety of NLM Web-based resources. The actual system at NLM is awaiting installation of software to support the archiving process at NLM.
Based on the work on preservation metadata, OCLC extended its CORC (Cooperative Online Resources Cataloging) system for cataloging web resources to include preservation metadata [25] . Catalogers at the U.S. Government Printing Office are being trained to use this system. Those working on metadata issues will benefit from this active testbed.
In addition to metadata for preservation, archiving requires storage of the content of a digital object in such a way that it can be rendered in its original form in the future. This has led to research into standardized mark-up for particular document types, such as electronic journals. Harvard University has an archiving project underway with several major publishers including Elsevier, the American Institute of Physics and Nature, funded by the Andrew J. Mellon Foundation. A recent study analyzed the feasibility of a single SGML DTD (Standard Generalized Mark-up Language Document Type Definition) or XML schema for the deposit and archiving of electronic journals from different publishers [17] . The report concludes that a single DTD or schema is possible, but some detailed mark-up unique to a particular journal will be lost. The report notes that there are significant challenges to achieving this level of standardization, because the "hand work" that may be required to transform some publisher's SGML to the standard DTD may not be cost effective for smaller publishers and archives.
Supportive technologies
In 2000 migration (or conversion) versus emulation was still a subject of debate. Which strategy for preservation should be the focus for R&D and actual system development? Migration was a wellestablished and well-understood approach. Emulation had been discussed in theory [32, 33] , but there had been few practical attempts to determine its feasibility.
The goal of CAMiLEON (Creative Archiving at Michigan and Leeds: Emulating the Old on the New), a joint project of the University of Michigan and the University of Leeds, was to determine the practical, long-term feasibility of emulation as an approach to preservation [40] . Using virtual machine technologies, this project has taken significant steps to prove that it is possible to run old software and its data on new machines. However, CAMiLEON's major contribution may be the realization that both migration and emulation have their place as preservation strategies [13, 22] . The appropriate preservation strategy may vary based on the content. In some cases migration is what is needed; in cases where there is complex interaction of the software, hardware and content, emulation may be the more appropriate technology.
Business models and stakeholder roles
The identification of sustainable business models that would support digital preservation in the long term and the appropriate roles for the various stakeholders were major discussion points at the ICSTI/ICSU conference in January 2000. At that time most projects were funded by special short-term grants or accomplished without additional funding.
Since that time significant steps have been taken in this area. In 1999, OCLC had already begun an internal evaluation of the impact of archiving on its business and the possibility of extending its services to include trusted third party archiving. In addition to the technical aspects of such a system as addressed by the OCLC pilot project with the U.S. Government Printing Office, OCLC was developing a longerrange concept of digital preservation.
OCLC recently announced the Digital & Preservation Co-op [26] to build collections and knowledge through collaboration. The business model for the Digital Archive, OCLC's third party archive, is currently based on a one time charge for each record added and a monthly storage fee.
Additional trusted third party repositories of long-standing include the LOCKSS (Lots of Copies Keep Stuff Safe) system [38] from Stanford University Libraries and JSTOR [21] . These projects are geared toward deposit of materials by publishers. The LOCKSS system involves redundant, multiple archive sites for the same document. It provides an infrastructure that allows these copies to be checked against each other to ensure that degradation of a copy is caught and the content is restored. JSTOR, an early activity to digitize and store back issues of journals, has continued to increase its collection, including those in the sciences. Soon after the 2000 meeting, Elsevier announced that it would provide archival copies to trusted third parties if requested as part of the license agreements for its electronic resources, including ScienceDirect.
Policies
In 2000 a major concern was the lack of national support for digital preservation. Financial resources and legislation requiring deposit of digital materials were lacking. At that time the major national libraries had activities underway to pass legislation to extend the national deposit to include digital materials. This has since been achieved in the UK and to some extent in the U.S.
In addition, there are several major national and regional initiatives, which indicate that the importance of digital preservation has not gone unheeded among policy makers at both the national and regional levels. In the UK, the Digital Preservation Coalition [9] was announced in December 2000. It was created to provide an environment for increased cooperation and collaboration among the various UK initiatives. While the Coalition is focused on UK activities, it realizes that digital archiving is an international problem that can only be solved globally.
Another major national effort has been funded in the U.S. In July 2000, the U.S. National Academies of Science produced the LC21 report [5] . The report noted that the Library of Congress had been successful in the areas of digitization and the preservation of American cultural history through its National Digital Library and American Memory projects. However, to succeed on a broader scale, the Library needed to collaborate with others within a consistent infrastructure, and the country needed a plan for ensuring preservation of digital materials.
The LC21 Report resulted in appropriations from the U.S. Congress to develop a national infrastructure for digital preservation. In response, the Library of Congress initiated the National Information Infrastructure for Digital Preservation. The goal is the development of a framework and structure, rather than the creation of digital collections. The Library has created an advisory board and is seeking commitments for non-governmental funds to support this effort. A report, providing the plan and recommendations for moving toward implementation, is due to Congress later this year.
Historically there have been many significant regional initiatives within the European Union. A relatively new project funded by the European Commission is the Electronic Resources Preservation and Access Network (ERPANET) [10] . There are four major partners: the national archives of Italy, the Netherlands, and Switzerland and the Humanities Technology and Information Institute at the University of Glasgow. ERPANET will serve as a clearinghouse for information regarding best practices, expertise and technologies in digital preservation across all sectors. The goals specifically mention the preservation of scientific information in support of EU economic development.
On an almost global front, the International Research on Permanent Authentic Records in Electronic Systems (InterPARES), is a coalition of national, university and government agency archives [19] . There are seven major groups involved in InterPARES, including regional members for Asia and Europe. The goal is the preservation of authentic electronic records, preserving the "place" of that object in the collection and ensuring its validity for legal purposes. Best practices, tools and standards specific to authenticity are being identified [12] .
Trends
Comparing the state of the art and practice in 2000 to 2002, two major trends can be identified. The shift is toward more pragmatic activities and increased cooperation.
The focus has moved from the theoretical to the pragmatic. There are more initiatives focused on the realistic details of metadata, selection criteria, technologies and systems for archiving. While the need to raise awareness has not completely disappeared, more time and words are being spent on how digital preservation is being tested and implemented.
The focus of research and development has also shifted. The NEDLIB and British Library efforts are resulting in system specifications and actual technology development by IBM. The R&D efforts have shifted to "fill in the gaps". The National Science Foundation in the U.S. has created a committee of interested federal agencies, including the Library of Congress, the National Archives, and the national libraries, to identify key areas of research that can be presented through the NSF grant process. The results will be provided back to the government for its use and also to the private sector for further development. The major research areas identified to-date include the migration of extremely large data sets and long-term access to complex multimedia objects.
In addition to the pragmatic nature of the current initiatives, cooperation has increased among projects and across stakeholder groups. OCLC, JISC and RLG have been instrumental in identifying, supporting and advancing key areas of cooperation. A major turning point was the digital archiving conference held in York, England in December 2000 [30] . As a real sign of maturity, the work is being "divided up". While some projects are working to develop pragmatic systems, others are working in the background on achieving standards consensus among/between projects. Rather than the national or regional nature of many standards activities, much of the work related to digital archiving is starting with the goal of international consensus.
Even though sustainability, business models, and stakeholder roles remain key areas of uncertainty, OCLC, Stanford University Libraries/HighWire Press, JSTOR, and major publishers such as Elsevier are actively dealing with these issues. The creation of groups such as the OCLC Digital Preservation & Co-op will provide venues where barriers can be identified and business models can be tested. Projects such as the archive of Elsevier material at Yale Library (also funded by the Mellon Foundation) will further identify archiving practices that can accommodate the needs of libraries, users and the economic requirements of publishers [16] .
The International Federation of Library Associations and Institutions (IFLA) and the International Publishers Association (IPA) are developing a joint statement on digital preservation. The draft presented for discussion in February 2002 highlights the importance of "born digital" materials and suggests that the appropriate place for preservation of last resort is with the national libraries. Through the statement and the inclusion of digital preservation on the agendas of these two major international stakeholder organizations, additional policy efforts and funding may arise.
Conclusions: What does this mean for the record of science?
This review of the current state of digital archiving leaves us with a few questions. Has digital archiving grown up? Are we there yet? What does this mean for the record of science?
In terms of many of the maturity factors, the archiving and preservation of the record of science is proceeding apace, benefiting from and contributing to the field of digital preservation in general. Scientific information is often addressed by libraries, archives and publishers as part of the commitment to the preservation of digital objects in general. The archiving of the record of science will benefit from all the projects and activities that have been mentioned.
The incorporation of standards and lessons learned from the various projects can be seen in an example from the U.S. National Agricultural Library (NAL). In a prototype system to archive the U.S. Department of Agriculture's electronic publications, the NAL has incorporated within the OAIS RM framework, other standards and methodologies such as LOCKSS, XML, the extended CORC metadata for preservation and with a link to its library cataloging system through MARC.
However, archiving principles, best practices and standards are not yet incorporated into the workflow of a key stakeholder group -the scientists. Until this happens, preservation will remain a severe challenge for information managers, librarians, publishers, and archivists. This becomes even more acute as changes in publishing patterns among scientists bypass the traditional publishing and archiving channels. Considering the exponential growth of the information to be preserved, the preservation of the record of science will be an almost insurmountable goal without the active support of the creators of this information.
The scientific community was among the first to raise the issue of digital archiving [4, 28, 39] . Its efforts have continued over the last several years, and they were advanced again by the CODATA workshop held in South Africa in May 2002. Specific efforts on the part of the International Union of Pure and Applied Physics (IUPAP) [37] and other scientific unions and academies will provide necessary input to this activity, by and for science. While science has benefited from the advances and the maturity of the state of the art and practice of digital archiving, it must pave its own way in the world of digital preservation.
